The mantle wedge of a subduction zone is characterized by low seismic velocities and high attenuation, indicative of temperatures approaching the solidus and the possible presence of melt and volatiles. Tomographic images show a low velocity region above the slab extending from 150 km depth up to the volcanic front. The low velocities result at least partially from volatiles fluxed off the slab, which lower the solidus and thus raise the homologous temperature of the wedge material. Subduction zones with active back-arc spreading centers also show large low velocity and high attenuation seismic anomalies beneath the backarc basin, indicating that a broad zone of magma production feeds the backarc spreading center. The magnitude of the velocity anomaly is consistent with the presence of approximately 1% partial melt at depths of 30-90 km. The best-imaged arc-backarc system, the Tonga-Lau region, suggests that the zone of backarc magma production is separated from the island arc source region within the depth range of primary magma production. However, the anomalies merge at depths greater than 100 km, suggesting that small slab components of backarc magmas may originate through interactions at these depths.
INTRODUCTION
The mantle wedge is the locus of the most important processes in the subduction factory, including island arc magmatism and back-arc spreading. Seismological studies can place observational constraints on the source regions and transport paths of the magmas and fluids that represent the output of the subduction factory.
Seismic velocity and attenuation anomalies are functions of mantle composition (including volatiles), temperature, and melt content. Therefore, accurate mapping of seismological anomalies can help constrain the spatial distribution of temperature anomalies and melt transport paths within the wedge. In addition, the seismic anisotropy of mantle materials is a function of the strain field, which results from the flow pattern. Therefore seismic anisotropy measurements also place constraints on the mantle flow pattern within the wedge. Thus seismological observations will provide key observational constraints necessary for construction of physically realistic geodynamic models of processes in the mantle wedge.
In this paper, we first review the seismological observables and their relationship to physical parameters such as temperature and melt content. We will then present a status report on progress that has been made in constraining subduction processes in the mantle wedge using seismology.
RELATIONSHIP OF SEISMIC OBSERVABLES TO PHYSICAL PROPERTIES

P and S Wave Velocities
Effect of temperature.
The relationship between P and S wave velocities and temperature can be decomposed into anharmonic and anelastic effects [Karato, 1993] , where anelastic effects result from velocity dispersion due to attenuation [Aki and Richards, 1980] . The anharmonic variation of P (V p ) and S (V s ) velocity with temperature (T) for mantle materials is relatively well known from laboratory experiments at ultrasonic frequencies. Single crystal laboratory experiments suggest values of about -0.62 x 10 -4 K -1 for ∂lnV p /∂T and -0.76 x 10 -4 K -1 for ∂lnV s /∂T for olivine at upper mantle pressures and temperatures [Anderson et al., 1992; Isaak, 1992] .
The anelastic effects on the seismic velocity are sometimes neglected, but are actually important for the mantle wedge, where attenuation may be large. In an anelastic medium with frequency-independent attenuation (Q -1 ), the seismic velocity shows dispersion as given by Kanamori and Anderson [1977] and Karato [1993] V(ω,T) = V 0 (T) [1 + (Q -1 /π) ln ωτ(T)]
where ω is frequency, V 0 (T) is the anharmonic velocity, which is frequency independent, and τ(T) is the relaxation time. Table 1 , from Karato [1993] , shows the effect of attenuation on the effective temperature derivatives of the P and S velocity. Studies of the attenuation structure of the mantle wedge suggest P wave Q (Q P ) values of 90-200 and S wave Q (Q S ) values of 35-100, with some variation caused by the frequency dependence of attenuation [Sekiguchi, 1991; Flanagan and Wiens, 1994; Flanagan and Wiens, 1998; Roth et al., 1999; Tsumura et al., 2000] . Therefore, the anelastic effect is about as large as that solely due to the anharmonic derivatives (table 1) . Assuming a Q P of 130 and a Q S of 75, with a Q P /Q S ratio of 1.75 as observed [Roth et al., 1999] and typical upper mantle seismic velocities, results in velocity derivatives of 1.0 ms -1 /°K for ∂Vp/∂T and 0.8 ms -1 /°K for ∂Vs/∂T. So a change of 100°C would produce changes in P and S velocity of 0.10 and 0.08 km/s respectively, or about 1.2% for P waves and 1.8% for S waves.
The ratio of S to P wave anomalies can be diagnostic of the physical process causing the velocity anomalies [Hales and Doyle, 1967; Koper et al., 1999] . The parameter ν = ∂lnVs/∂lnVp, giving the fractional change in V S relative to the fractional change in Vp, is often used to describe the S to P anomaly ratio. For temperature changes, ν is generally about 1.2 for rocks of mantle composition [Kern and Richter, 1981] . Including velocity dispersion caused by attenuation gives a ν of about 1.4 for anomalies caused by temperature effects [Koper et al., 1999] 
Effect of melt fraction.
It is widely recognized that partial melt can have a major effect on seismic velocities. Partial melt forms in pockets that assume a shape that minimizes the total free energy of the grain boundary and melt interfaces. The effect of melt on seismic velocities depends on the geometry of the melt pockets as well as the melt fraction. Our knowledge of the effect of partial melt comes from both laboratory experiments and analytical calculations of the mechanical response of material with melt-filled inclusions.
Unfortunately, experiments to determine the velocity at seismic frequencies in the presence of partial melt and at the pressure and temperature of the upper mantle are difficult and have not been carried out.
Ultrasonic experiments on peridotite at high pressure and temperature suggest that there is no discontinuous change in either P or S velocity at the solidus [Sato et al., 1989a] . P and S waves show similar behavior and a rapid drop in velocity is observed only if the melt fraction becomes larger than about 2%, after which the velocity decreased by about 2% for every 1% of partial melt. The effect of pressure can be accounted for by using the homologous temperature (normalizing the temperature by the solidus temperature).
Since these results were obtained at ultrasonic frequencies they are unlikely to adequately represent the anelastic components of the velocity variations.
Analytical studies have generally calculated the mechanical response of melt inclusions assuming idealized shapes, including cracks [O'Connell and Budianski, 1974] , tubes [Mavko, 1980] , and ellipsoids [Schmeling, 1985] .
Melt distributed along thin films or cracks has a large effect on the shear modulus, thus reducing the S-wave velocity with relatively small partial melt, whereas melt distributed in spheroidal inclusions shows smaller effects. An alternative methodology for calculating the mechanical response based on grain-boundary contiguity [Takei, 1998] has also recently been developed and tested using analog materials [Takei, 2000] .
Recently, Hammond and Humphreys [2000b] used a finite element method to calculate the effect of melt on the shear and bulk modulus. They based their calculation on images of the melt geometry from laboratory experiments, which suggest that at small melt fractions (<1%) melt is distributed in triple junction tubules, but begins to form films at higher melt fraction [Waff and Faul, 1992; Faul et al., 1994] . The Hammond and Humphreys [2000b] model ( Figure 1 ) shows only small reductions in velocity for less than 1% partial melt, as melt is contained in tubules, but the velocity reduction becomes large for larger melt fractions where melt forms films. The total velocity reduction for a melt fraction of 2% relative to a reference temperature of 1000°C is 22% for S waves and 11% for P waves. The effect of larger melt fractions is much greater for S waves than for P waves, such that ν = ∂lnVs/∂lnVp = 2.2 for anomalies caused by melt. These results suggest that seismic anomalies caused by melt fractions smaller than 1% may be difficult to distinguish seismologically from the effects of temperature, but larger melt fractions should be easily detectable from the large amplitude seismic anomalies and the large S to P anomaly ratio (ν).
Effect of composition and volatile content.
The effects of mineral composition on seismic observables are generally thought to be smaller than the effects of temperature heterogeneity and partial melt in the upper mantle [Sobolev et al., 1996; Goes et al., 2000] . For example, observed P-wave velocities for a variety of peridotites from the continental upper mantle show relatively small variations (< 2%) despite significant variations in modal composition [Sobolev et al., 1996] . Strong variations in the Mg/(Mg+Fe) ratio, however, will have a significant effect on the seismic velocity [Akimoto, 1972; Jordan, 1979] . In particular, highly depleted harzburgites may be characterized by seismic velocities that are higher by ~2% when compared to undepleted peridotites [Jordan, 1979] There is some evidence that differences in volatile content can produce major variations in the seismic velocity. The presence of relatively small concentrations of dissolved water has been shown to lower the solidus of olivine and weaken olivine aggregates by several orders of magnitude [Karato et al., 1986; Hirth and Kohlstedt, 1995] . Hirth and Kohlstedt [1996] , Karato and Jung [1998] , and Karato [2002] (this volume) suggest that the weakening effects of water will lower the seismic velocity by increasing seismic attenuation, thus reducing the observed seismic velocity as in equation 1 above. Simple calculations suggest that the shear wave velocity may be lowered as much as 6% by modest amounts of water, and Gaherty et al. [1996] suggest that the low velocity zone may result from the water content of the asthenosphere beneath the water-depleted lithospheric lid. The effects of water, high temperatures, and partial melt all can substantially reduce seismic velocity and are difficult to distinguish when using seismic velocity measurements alone.
Seismic Attenuation
2.2.1 Effect of temperature. Seismic attenuation (Q -1 ) is a measure of the decay of the seismic wave amplitude due to absorption of energy by an anelastic medium. A variety of experiments show that seismic attenuation is a strong function of temperature, particularly for temperatures near the solidus [Berckhemer et al., 1982; Sato et al., 1989b; Karato and Spetzler, 1990; Jackson et al., 1992; Gribb and Cooper, 1998; Jackson, 2000] . Experiments on dunite at high temperatures suggest an S wave attenuation relationship at 1 Hz frequency [Jackson et al., 1992] 
Using this relationship, the S wave attenuation (Q β -1 ) increases by more than an order of magnitude between temperatures of 1000°C and 1200°C. The pressure sensitivity of this relationship is not known, but there is evidence that the effect of pressure can be accounted for by using the homologous temperature (i.e. normalizing the temperature by the solidus temperature) [Sato et al., 1989b; Getting et al., 1997] .
If all the attenuation were associated with the shear modulus, the ratio of Q α /Q β would be 2.25 for a Poisson solid, and about 2.45 for observed upper mantle elasticities [Anderson et al, 1965] . In contrast, if equal amounts of attenuation were associated with shear and compression, the ratio would be 1. The ratio of Q α /Q β is generally assumed to be in the range of 1.5-2.4 based on both experiments and seismic observations, with one recent observational study suggesting 1.75 for the Tonga mantle wedge [Roth et al., 1999] .
Effect of melt fraction.
The effect of melt on seismic attenuation has been approached with both experimental and analytical methods. Experiments suggest that there is little intrinsic increase in attenuation due to small quantities (less than about 5%) of partial melt [Berckhemer et al., 1982; Gribb and Cooper, 2000] . This is in agreement with analytical calculations that have 6 investigated possible melt-related attenuation mechanisms, including viscous shear relaxation of the melt, melt squirt, and melt-enhanced grain boundary sliding. In each case, the major relaxation effects of these processes occur well outside the seismic frequency band, suggesting that small amounts of partial melting have little effect on seismic attenuation [Schmeling, 1985; Hammond and Humphreys, 2000a] .
Effect of volatile content, composition
, and grain size. The presence of even small amounts of water enhances anelasticity [Karato and Jung, 1998; Karato, this volume] . Thus suggests that attenuation is a strong function of volatile content. It is usually assumed that attenuation is such a strong function of temperature and volatile content that other compositional effects are clearly secondary. Several studies have suggested that attenuation is a function of homologous temperature [Sato et al., 1989b; Getting et al., 1997] .
Materials of different solidus temperatures must show different attenuation at a particular temperature, and normalization by the solidus temperature may allow approximate correction for different mineral composition [Getting et al., 1997] . There is also evidence that attenuation is a function of grain size, with smaller grains showing greater attenuation [Gribb and Cooper, 1998; Jackson, 2000] .
However, graingrain size variation may play a smaller role in mantle attenuation variation than in the laboratory due to the large graingrain size of mantle ultramafic rocks [Jackson, 2000] . Table 2 provides a qualitative analysis of the relative effect of various factors on the seismic observables in the upper mantle. Because temperature anomalies, volatiles, and small amounts of partial melt can produce similar seismic observations, it is often difficult to definitively associate observed anomalies with a particular cause. However, the simultaneous mapping of several different seismic observables offers a greater opportunity to distinguish between the various factors. The different responses of attenuation and seismic velocities to partial melt suggests that combined observations of seismic velocity and attenuation may be particularly valuable in distinguishing partial melt from large sub-solidus temperature anomalies [Forsyth, 1993] . Melt has the greatest effect on S-wave velocities, a smaller effect on P-wave velocities, and relatively little effect on attenuation. Conversely, high sub-solidus temperatures have an exponential effect on attenuation but a smaller effect on seismic velocities. Therefore, regions of partial melt should be distinguishable by their exceptionally slow S-wave velocity anomalies and large S to P anomaly ratios in the absence of a correspondingly large attenuation anomaly.
Identifying partial melt.
Distinguishing between high temperature anomalies and the presence of volatiles will remain difficult until better laboratory data are available.
Velocity Anisotropy
Observations of anisotropy, where the seismic velocity depends on the propagation or polarization direction, can have a variety of causes. These include layering of different isotropic layers [Backus, 1965] , cracks whether dry, fluid or melt filled [Crampin and Booth, 1985; Kendall, 1994] , or systematic orientation of mantle minerals, such as olivine, whose crystallographic structure is anisotropic [Hess, 1964] . Where anisotropy can be associated with an increased ordering and alignment of mineral crystal orientations the ordering can in turn be related to the mechanical deformation of the rock [Nicolas and Christensen, 1987] . Detailed study of anisotropic structures therefore provides an opportunity to relate seismic observations to deformation processes in the Earth, including mantle flow. The mantle flow in arcs probably influences or controls many processes, such as the path of melt from the source region as well as the distribution of geochemical anomalies and is therefore of broad importance.
Systematic orientation of anisotropic minerals appears to be the dominant mechanism causing anisotropy in the upper-most mantle. This preferred orientation of minerals appears to consist of alignment of one of the crystallographic axes (either a, b, or c), with the other two axes forming a girdle. Hess [1964] noted that in the oceans the fast azimuths of P n are sub-parallel to the spreading directions. Hess interpreted this as preferential orientation of the olivine b-axes, but a later laboratory study by Raleigh [1968] led to the proposal that the anisotropy is due to alignment of the a-axes.
To interpret these seismological observations one must be able to relate the seismic velocities observed to the velocities of realistic mantle materials. Laboratory studies have been performed on single crystals. However, these produce only estimates of anisotropy in 'pure' crystals. In the real Earth, minerals are rarely 100% aligned and so velocities have also been measured in naturally occurring rocks, such as overthrust pieces of mantle or xenoliths, and hot-pressed polycrystalline aggregates, where such factors as composition and water content can be varied.
In olivine, the a-axes are the fastest direction and the baxes the slowest [Verma, 1960] . Although examination of rock fabrics has produced examples of b-axes alignment [Christensen and Crosson, 1968; Ave'Lallement and Carter, 1970] , a-axes alignment is more common [Christensen, 1984; Mainprice and Silver, 1993; Ji et al., 1994] . In the latter case it is believed that the orientation is controlled by the finite strain [Williams, 1977] ; the a-axes align in the direction of shear and the b-axes normal to it. This observation gives rise to the conventional assumption that the mantle flow direction corresponds to the direction of preferential orientation of olivine a-axes and the anisotropic fast direction.
Laboratory experiments that determine induced anisotropy under an applied deformation also favor alignment of the a-axes. In early experiments examination of the lattice preferred orientation (LPO) was usually performed on materials under uniaxial compression. However, theoretical models show that the type of strain is important in predicting the resulting LPO [Wenk et al., 1991] and in the upper mantle simple shear is a much more common deformation mechanism than uniaxial compression. Subsequent experiments on simple shear deformation of olivine aggregates at high temperatures and pressures (~1,500°K and 300 MPa) yielded a-axis alignment in the direction of flow at large strain [Zhang and Karato, 1995] . Small strains produced only slight rotation from the flow direction. Later studies performed on olivine aggregates under greater deformation conditions showed that stress-controlled orientations can also develop but that it is associated with grain boundary migration processes during recrystallization and growth [Zhang et al., 2000] .
Water content has been shown to affect the deformation of olivine and enhance grain-boundary migration suggesting it may be important in determining the LPO. Jung and Karato [2001] demonstrated that wet and dry aggregates of olivine exhibited distinctly different LPO when they undergo simple shear deformation under conditions of high stress, temperature, and pressure. They showed that the olivine c-axis, for example, is nearly perpendicular to the shear direction under dry conditions whereas under wet conditions it is sub-parallel to the shear direction. It is unclear at this time what factors govern the deformation slip system for water rich mantle rocks and thus the relationship between the mantle flow direction and the fast direction of seismic anisotropy. Since the mantle wedge near the slab is likely to have significant water content due to slab dehydration and fluid migration, if the laboratory simulations of Jung and Karato [2001] reflect the true behavior of olivine in the Earth, then they have strong implications for the interpretation of anisotropy within a backarc basin . However, this slip system is seldom observed in natural rocks. A recent study of mantle peridotites from the relect Talkeetna arc shows yet another slip system, which differs from both the generally assumed one and that observed in the laboratory [Mehl et al., 2002] . In this slip system the olivine fast direction is sub-parallel to the mantle flow direction, as conventionally assumed. In view of this uncertainty, for the purposes of this review we continue to make the conventional assumption that the fast anisotropic direction delineates the mantle flow direction Other factors that can influence the strength of anisotropy include the effect of temperature and pressure, which can affect both the strength of anisotropy [Kern, 1993] and the rate of reorientation [Goetze and Kohlstedt, 1973; Mainprice and Nicolas, 1989] .
At high temperatures, diffusion and grain boundary mobility enhance orientation [Mainprice and Nicolas, 1989] . Indeed, if conditions are such that melt is formed, anisotropy may be further increased by increased grain size [Hirn et al., 1995] or reduced by increasing the degree of diffusion creep [Cooper and Kohlstedt, 1986] or embrittlement [Davidson et al., 1994] . A review of many of these effects is given by Savage [1999] .
Geodynamical flow models can be linked to anisotropy observations in several ways. One approach assumes that the maximum P-wave velocity aligns with the local direction of maximum finite extension, and the minimum P-wave velocity aligns with minimum finite extension Hall et al., 2000] . The magnitude of the anisotropy is scaled by the axial ratios of the finite strain ellipsoid [Ribe, 1992] .
More sophisticated approaches such as Blackman et al. [1996] and Tommasi [1998] predict LPO and the resulting anisotropic signature from a particular flow pattern by explicitly linking thermomechanical finite element models to simulations of LPO development.
THE SEISMIC VELOCITY AND ATTENUATION STRUCTURE OF THE MANTLE WEDGE
The most detailed information on the 2-D and 3-D variation of seismic velocity beneath island arcs comes from body wave tomography.
High-resolution tomography requires either a dense array of recording stations or a dense array of earthquakes, and therefore has been carried out in only a few locations. Here we discuss both a well-studied island arc (Japan) and an arc with an accompanying backarc spreading center (the Tonga-Lau system). Northeast Japan is the best-imaged island arc due to the exceptionally large seismological dataset built up by years of recording with a dense array of permanent land seismic stations [Zhao and Hasegawa, 1993; Nakajima et al., 2001] . The Tonga-Lau system is the best imaged island arc with an active back-arc spreading system due to the high seismicity rate of the Tonga slab and the temporary deployment of 12 land seismic stations (the SPASE experiment) and 30 ocean bottom seismographs (the LABATTS experiment) during 1993-1995 [Wiens et al., 1995; Koper et al., 1998 ].
Seismic Evidence on the Distribution of Volatiles and Magma Beneath the Volcanic Front
Body wave travel time tomography is the highest resolution seismological method for imaging the upper mantle structure beneath volcanic arcs. This method uses observed P or S wave travel times along many crossing raypaths to reconstruct the 2-D or 3-D velocity structure within the Earth. Several studies have computed 3-D tomographic models to reconstruct the P-wave velocity variations of NE Japan with a resolution of 25-50 km [Hasagawa et al., 1991; Zhao et al., 1992 , Nakajima et al., 2001 (Plate 1).
These images show a dipping upper mantle low velocity zone with P-wave anomalies of up to 5% located about 50-75 km above the slab and connecting to shallow crustal low velocity anomalies immediately beneath the volcanic front. The most recent studies have also obtained high-resolution S-wave tomographic images and images of the P-to-S ratio [Nakajima et al., 2001] . These images show S-wave anomalies with an amplitude of 6% and high P-to-S velocity ratios of 1.85 in the same positions as the low P-velocities. Later work suggests that the dipping low velocity feature in the mantle wedge is widespread throughout Japan, and that it extends to depths of about 150-200 km [Zhao and Hasegawa, 1993; . Relatively high attenuation (Q α ~ 150) has also been found in the same regions from lower resolution seismic attenuation tomography [Sekiguchi, 1991; Tsumura et al., 1996; Tsumura et al., 2000] .
A dipping, low velocity zone beneath the volcanic arc and above the subduction zone is also observed in the Tonga-Lau region [Zhao et al., 1997] (Plate 2). This image resolves P velocity variations along a 1400 km long region with a resolution of 50-75 km. A low velocity anomaly of up to 6% occurs above the slab and extends from the volcanic arc to a depth of about 150 km.
Similar low velocity zones have been observed at other arcs, including Alaska [Zhao et al., 1995] , Kyushu , and Kamchatka [Gorbatov et al., 1999] . Graeber and Asch [1999] find a dipping zone of high P/S velocity ratios (low S velocity) above the subducting slab in the Andes. These observations suggest that a dipping, low velocity zone above the slab may be a ubiquitous feature of the subduction zone velocity structure. The slow velocity anomalies seem to be located at shallower depth and closer to the forearc in warmer subduction zones, where slabs may dehydrate at shallower depths .
There is evidence that this low velocity anomaly below the volcanic front does not represent direct seismic observations of substantial partial melt concentrations. The magnitude of the anomaly, 3-5% for P waves and 4-7% for S-waves, is less than would be expected for melt concentrations of greater than 1%. Anomalies of this magnitude can be reasonably explained by sub-solidus temperature variations of 200°C-400°C or, more likely, by hydration of the mantle wedge.
The relatively modest S wave anomalies and Vp/Vs ratio (or ∂lnVs/∂lnVp) changes also argues against a widespread region of significant in-situ melt.
Vp/Vs anomalies are found in both Japan [Nakajima et al., 2001 ] and the Andes [Myers et al, 1998; Graeber and Asch, 1999] but in both cases the maximum Vp/Vs ratio is about 1.85, constraining partial melt concentrations to be less than about 1%. The Japan results are compatible with a η (∂lnVs/∂lnVp) value of about 1.8, which is elevated with respect to the expected values from purely thermal effects (1.4) but less than 2.2 expected for anomalies caused by melt [Hammond and Humphreys, 2000a] . Obviously there is melt in localized regions beneath the volcanic front but the evidence is against large scale (> 25 km) regions with significant (> 1%) melt concentration.
Instead, the dipping low velocity anomaly probably represents a hydrated region of the mantle wedge, and the source region of the melt.
Most petrologic and geodynamic models suggest that island arc magmas are formed through the hydration of the mantle wedge by fluids from dehydration reactions in the subducting crust [Tatsumi, 1989; Peacock, 1990; Davies and Stevenson, 1992; Iwamori, 1998; Schmidt and Poli, 1998; Mibe et al., 1999] . The presence of water will significantly reduce the seismic velocities of the hydrated region of the mantle wedge. Small amounts of water in olivine reduce the melting temperature, resulting in mantle temperatures that are near the solidus and produce slow velocity anomalies from anelastic effects [Hirth and Kohlstedt, 1996; Karato, 1993; Karato and Jung, 1998 ]. In addition, larger amounts of fluid will result in hydrous phases, which generally show much lower seismic velocities than mantle peridotite [Christensen and Mooney, 1995] .
The low velocity regions may also denote warmer upwelling regions in the mantle wedge where small amounts of decompression melting may occur, as predicted by geodynamic models [Andrews and Sleep, 1974; Conder et al., 2002] .
Thus the low velocities above the slab in the tomographic images represent imaging of a hydrated region in the mantle wedge. This region represents the source zone for the island arc magmas erupted at the volcanic front. Significant quantities of melt (> 1%) are not imaged at present and may not occur over large regions (25 km and greater) due to efficient melt extraction mechanisms. This is suggested by geodynamic modeling [Richter and McKenzie, 1984; Scott and Stevenson, 1986] , experiments [Kohlstedt, 1992] , and by the rapid melt transport times indicated by U-series isotopic studies Turner and Hawkesworth, 1997; Bourdon et al., 1999] . Naturally, some pockets of significant partial melt (> 1%) may likely exist within the melt source and transport region, but their spatial extent is probably too small to be imaged by the current resolution scale of tomographic studies (25-50 km). Imaging the melt generation and transport system remains a goal for the next phase of seismological studies.
Seismic Structure of Backarc Spreading Centers and Relationship to Arc Structure
Seismological studies of island arcs with active backarc spreading centers allow better understanding of the relationships between volcanic arcs and backarc spreading. The P-wave tomographic results from the Tonga-Lau region shows, in addition to the slow anomalies beneath the volcanic arc, a large slow velocity anomaly near the Central Lau spreading center (Plate 2) [Zhao et al., 1997] . This region represents the magma source region for the Lau backarc spreading center.
Although S-wave data recorded in the Tonga region were insufficient for reliable S-wave tomography, further information on the S-wave structure of the Lau basin comes from inversion of seismic waveforms traversing the Lau backarc Wiens et al., 2002] . Although the spatial resolution of this method is inferior to P-wave tomography, the depth variation of seismic velocity averaged along the ray path is accurately recovered. These results (Figure 2) show exceptionally low S-wave velocities beneath the Lau backarc at depths of 40-100 km, with a maximum S-wave heterogeneity of about 17% relative to the old Pacific Plate. These depths correspond to the depths of the low velocities in the P-wave tomography (Plate 2) and also represent the expected depths of primary MORB magma production [Shen and Forsyth, 1995] . Comparison of the various tomographic models and the waveform inversion results suggest that the maximum velocity anomalies are greater beneath the backarc spreading center than beneath the arc volcanic front.
The slow velocity regions beneath the Tonga arc and the Lau back arc are geographically separated at shallow levels but merge at depths of about 100-200 km depth. This suggests that although the arc and backarc systems are separated at shallow levels, where most of the magma is generated, there may be some interchange between the magma systems at depths great than 100 km. Interaction with slab-derived volatiles at depths greater than 100 km may help to explain some of the unique features of the geochemistry of back-arc magmas relative to typical MOR basalts, including excess volatiles and large ion lithophile enrichment [Hawkins, 1995; Pearce et al., 1995] .
The entire upper mantle region beneath the Lau backarc shows a strong seismic attenuation anomaly [Roth et al., 1999] (Plate 3). The 2-D seismic attenuation tomography has lower resolution (~100 km) compared to the P-wave tomography, such that any possible attenuation anomaly associated with the Tonga volcanic arc is not resolved. Qualitatively, there is a sudden transition from low attenuation in the forearc to high attenuation in the backarc, which occurs immediately beneath the volcanic arc. The high attenuation anomaly shows Q α ~ 95 and extends throughout the Lau backarc basin to a depth of 150-200 km.
It is unclear how much partial melt is indicated by the seismic anomalies in the Lau backarc. The maximum anomalies indicated by the P-wave tomography (-7%) and by the S-wave waveform inversion (-15 %) are so large that to explain them with only temperature changes requires temperature anomalies of ~500°C (or a corresponding lowering of the solidus temperature due to the effect of volatiles). The seismic anomalies suggest maximum melt concentrations of about 1.5% at depths of 30-70 km beneath the Lau basin using the relations of Hammond and Humphreys [2000b] .
The ratio of S to P wave anomalies is a possible discriminant for the presence of partial melt. However, there are too few good S-wave arrivals to perform S-wave tomography of the Tonga-Lau region. Koper et al. [1999] evaluated the parameter ν = ∂lnVs/∂lnVp for raw arrival times with raypaths traversing the upper mantle beneath the Lau backarc and found ν = 1.2 -1.3, in agreement with anomalies generated by temperature changes but much less than the ν ~ 2.2 expected for anomalies caused by partial melt.
One other promising method for evaluating the presence of melt is the observed Vp-Qp -1 relationship. This has not been used previously since attenuation and velocity tomographic analyses are seldom available for the same location. Roth et al. [2000] compared the relationships between Vp and Qp -1 obtained from the Tonga-Fiji results with the predictions of attenuation-corrected velocity derivatives [Karato, 1993] and the experimental results of Jackson et al., [1992] , assuming the anomalies resulted from temperature changes alone (Figure 3) . The experimental predictions provide a reasonable match to the observations at depths greater than 100 km. The results for depths < 100 km are scattered, and some points have large velocity anomalies relative to the attenuation anomalies. These points also correspond to the largest backarc velocity anomaly locations in the Zhao et al., [1997] results. These results suggest that the anomalies in the Tonga-Fiji back-arc region can be explained in terms of temperature anomalies, with the exception of the largest magnitude shallow velocity anomalies, which may be due to partial melt. In summary, the tomographic results for the Lau backarc probably imply some small component (~ 1%) of partial melt in the depth range of 30-90 km beneath the Lau basin, although it is difficult to understand the lack of a larger Vs/Vp anomaly in the raw P and S traveltimes.
The deep structure beneath back-arc basins -evidence for deep volatile release?
Seismological results can also provide clues about deeper processes in the mantle wedge. Both plate 2 and figure 2 show substantial seismic anomalies in the Lau backarc at depths greater than the inferred maximum depth of primary melting, which is thought to be about 70 km [Shen and Forsyth, 1995] .
The S-wave heterogeneity between the Pacific plate and the Lau basin is about 14% at a depth of 20 km, 17% at 70 km, and 9% at 120 km. The slow velocities beneath the backarc basins are resolvable by the data down to a depth of about 200 km. The large amplitude of the S-wave anomaly at depths of 100-150 km suggests the possibility of small fractions of water-induced melting at depths significantly greater than that of primary melting (~70 km) [Hirth and Kohlstedt, 1996; Hirschmann et al., 1999] . Smaller slow anomalies at depths of 150-200 km may result from the proximity of the geotherm to the wet solidus within the upwelling material beneath the ridge, or from subsolidus effects of volatiles in the mantle wedge.
The P-wave tomography results show smaller anomalies (2-3%) extending to depths of ~400 km beneath the Lau backarc basin (Plate 2). Slow velocity anomalies to depths of 400 km beneath backarc basins have also been detected by lower resolution tomographic inversions in the Kurile and Izu-Bonin arcs [Van der Hilst et al., 1991; Nolet, 1995] . Such deep slow velocity anomalies have not been detected beneath mid-ocean ridges [Webb and Forsyth, 1998 ], and thus are unlikely to represent deep structure that is endemic to spreading centers, but rather processes unique to backarc basins. The most likely explanation is that seismic velocities in the deeper parts of the mantle wedge are reduced by hydration reactions as water and other volatiles are released from the slab [Nolet, 1995; Zhao et al., 1997] .
Low temperature slabs such as Tonga may be cold enough that water can be transported, either as hydrous minerals or as ice-VII [Bina and Navrotsky, 2000] , to the stability depths of dense hydrous magnesian silicate phases [Thompson, 1992; Schmidt and Poli, 1998 ].
The dehydration of these phases in the slab at depths of about 300-400 km may produce widespread hydration in the adjacent mantle wedge near these depths. The fact that the low velocity anomalies seem to stop at depths near 400 km in several arcs may be significant; as the slab α-olivine is transformed to wadsleyite (β-Mg 2 Si0 4 ) at these depths, which can readily incorporate large amounts of water [Smyth, 1994] . Therefore, slab dehydration may cease at the depth of the α to β transformation. The flux of volatiles from the slab into the mantle wedge beneath the backarc basin to depths of 300-400 km may lower the viscosity of the upper mantle [Karato et al., 1986; Hirth and Kohlstedt, 1996] and be an important factor in localizing backarc extension in backarc basins. The rapid and episodic character of backarc spreading [Jurdy and Stefanick, 1983] may thus be related to the hydration of the mantle wedge at depth by the subducting slab.
SEISMIC ANISOTROPY RESULTS: CONSTRAINTS ON MANTLE FLOW PATTERNS
A review of Anisotropy Observations in Arcs
In an anisotropic medium vertically arriving shear waves can split into two orthogonally polarized S-waves, quasi-SH and quasi-SV, that travel at different speeds. This 'splitting' is related to the strength and path length of anisotropy traversed, and the polarization of the first arriving S-wave gives the anisotropic fast-azimuth. Estimates of these parameters can be obtained by a variety of methods (e.g. Crampin et al., 1980; Bowman and Ando, 1987; Silver and Chan, 1991] ). These analysis methods produce much the same result but use differing functions to compare the two S-waves over a range of rotation angles and time-offsets to find the splitting-time and fast-azimuth [Silver and Chan, 1991] . Comparison of different phases (e.g. S, ScS, SKS, SKKS, PKS) can help localize the depth distribution of the anisotropic signature. We discuss splitting measurements here as they are also geographically well constrained and have been performed in a wide range of subduction zone environments (e.g. Ando, 1984; Bowman and Ando, 1987; Shih et al., 1991; Kaneshima and Silver, 1992; Fischer and Yang, 1994; Russo and Silver, 1994; Yang et al., 1995; Fouch and Fischer, 1996; Gledhill and Gubbins, 1996; Fouch and Fischer, 1998; Fischer et al., 1998; Smith et al., 2001 ] making comparison possible.
For South America, Russo and Silver [1994] report small local S splitting (~0.1s) and large (3s) SKS splitting times and infer that there is thus little wedge anisotropy. They instead propose strong anisotropy beneath the slab due to horizontal trench-parallel flow consistent with Alvarez [1982] to explain trench-parallel orientations. However, contradictory fast-azimuths are observed in a variety of locations [Russo and Silver, 1994; Helffrich et al., 2002] . In addition, in the mantle wedge beneath Columbia, Shih et al., [1991] found splitting up to 0.4s with fast directions sub-parallel to the plate boundary. Similar results are also found in Peru, Brazil, and central Chile [Polet et al., 2000] but in northern Chile fast azimuths are parallel to the absolute plate motion (APM) of the Nazca plate [Bock, 1998; Polet et al., 2000] .
These local S-wave measurements strongly indicate anisotropy in the mantle wedge with varying fast-azimuths.
In the eastern Aleutians local S-wave splitting is again small (up to 0.35s) indicating little (~1%) anisotropic organization in the wedge. However, the orientation is highly consistentat 60 degrees, roughly parallel to the volcanic arc. A similar arc-parallel orientation is observed using sS-S phase pairs and direct S phases [Fischer and Yang, 1994] and SKS phases [Peyton et al., 2001] in the northern Kamchatka peninsula and in S and SKS in the southern Kurils [Fouch and Fischer, 1996] . However, in the region of the Kurils between these two observations arc-perpendicular fast azimuths are observed [Fischer and Yang, 1994] .
Trench parallel orientations are also observed in western Honshu [Fouch and Fischer, 1996; Hiramatsu et al., 1998 ] and the Japan Sea whereas in northern Japan [Sandvol and Ni, 1997] and Izu-Bonin [Fouch and Fischer, 1996; Hiramatsu et al., 1998 ] orientations are parallel to the absolute plate motion (APM) of the Pacific plate . In the Marianas S, ScS and SKS measurements indicate small splitting (0.1-0.4s) roughly 20° from the APM of the downgoing plate ].
In the Hikurangi (New Zealand) subduction zone trench parallel fast directions are observed in SKS phases [Gledhill and Gubbins, 1996; Marson-Pidgeon et al., 1999] . In Tonga, observations at back-arc islands show striking correlation between the anisotropic fast direction and the plate convergence direction [Fischer and Wiens, 1996] and exhibit unusually large local S splitting times (>1s). However, closer to the Tonga trench the fast direction is trench parallel [Smith et al., 2001] .
Many other studies have reported splitting in subduction zone environments from a variety of shear-phases. However, in the fore-going discussion we have not included observations where the location of the anisotropy remains unconstrained. Only those observations that are able to distinguish between anisotropy above and below the slab have been noted. These results are summarized in tables 3 and 4 and in figure 4.
The Tonga-Lau System: A Complex Pattern of Anisotropic Orientations
In the Tonga-Lau region splitting observations are geographically distributed across the arc and backarc. This region displays a very complex pattern of strong seismic anisotropy. Figure 5 shows the averaged splitting results at both land and ocean bottom seismograph (OBS) stations in the region [Smith et al., 2001] . Results at the land based stations on the Fiji platform to the west are roughly parallel with the convergence direction and can be explained by large-scale counterflow induced by the subduction of the Pacific plate.
However, this simple pattern of fast azimuths paralleling the absolute plate motion direction is not apparent all the way across the basin. Indeed, many of the fast vectors are almost perpendicular to the plate motion and there is a strong variation in the magnitude of the splitting with greatly reduced splitting times towards the center of the basin. 2D flow modeling instead predicts an almost uniform splitting time across the basin . In order to explain the trends within this data we need to appeal to more complex modeling that takes into account factors such as the backarc spreading center and changes in the slab dip through time.
Splitting times in the center of the basin are both greatly reduced and almost orthogonal to the plate motion direction; this phenomenon occurs geographically close to the spreading center and may be related to it. Near the Tonga volcanic arc we observe strong along-strike fast directions. Many of the raypaths of the split S-phases observed at the Tonga arc stations are from intermediate depth events (150-300 km depth), with the entire path length within the mantle wedge. This indicates that the strong along-strike fast directions must be explained by processes within the mantle wedge and cannot be attributed to anisotropy within the subducted plate.
Possible mechanisms that could explain trench-parallel flow include the effect of slab rollback on mineral alignment as modeled in the laboratory by Buttles and Olson [1998] , which should be significant in Tonga, which has experienced rapid roll back during the past 4 Ma [Hamburger and Isaaks, 1987] . This physical modeling experiment investigated the effect of dip angle and rollback on material flow, and produced results consistent with the observations of anisotropic fast directions obtained in the eastern Lau basin and Tonga arc.
There is also strong geochemical evidence to suggest that along trench mantle flow is occurring in the TongaLau region. Gill and Whelan [1989] attribute a change in Fiji magmatism from arc-like to OIB to influx of the Samoan Plume around 3 Ma. A similar explanation for high Nb relative to other high field strength elements in lavas at the Islands Tafehi and Niuatoputapu at the northern end of the Tonga-Kermadec subduction zone is also proposed [Wendt et al., 1997] . Poreda and Craig [1992] use helium isotope data to infer channeling of the Samoan Plume towards the Peggy Ridge at the northern end of the Lau Basin. A later study by Turner and Hawkesworth [1998] mapped the presence of the high He 3 :He 4 ratios further south into the Lau backarc. Such isotope signatures, which are characteristic of the Samoan Plume, led Turner and Hawkesworth to propose that this was evidence of flow of shallow mantle, from the Samoan Plume into the Lau Basin parallel to the trench, through a gap in the subducting Pacific plate (see Figure 6 ). The anisotropy observations are thus remarkably consistent with the flow model proposed on the basis of geochemical data.
Models for arc flow patterns and relationship to observations
Explaining the diversity of anisotropy patterns in subduction zone systems is difficult. Clearly a simple model relating anisotropic fast directions to global models of mantle flow will not predict all of the observations. The simplest approach for modeling anisotropy in subduction zones incorporates the strain resulting from flow coupled to the downgoing plate (Figure 7 ). This predicts a fairly uniform pattern of anisotropy paralleling the absolute plate motion [McKenzie, 1979; Ribe, 1989] which would match observations in Izu-Bonin and the western part of Tonga-Lau. Indeed, Fischer et al. [2000] demonstrate that given the right assumptions relating the strength of LPO to strain the magnitude of these splitting times could also be predicted using a simple 2D mantle flow model (Figure 7) . However, such an approach will obviously not fit the along-strike fast direction observations from the Aleutians, Japan, and the Tonga arc itself. The majority of the arcs studied actually show a predominance of along-strike fast directions for mantle wedge anisotropy, suggesting that viscous coupling to the downgoing plate may be relatively unimportant for driving backarc flow.
Mechanisms which could produce trench-parallel fastdirections include the effect of melt [Kendall, 1994] . If melt forms in pockets or films then the geometry of these can significantly affect the shear-wave velocity. It is reasonable to assume that such melt-filled cracks will preferentially open parallel to the direction of minimum deviatoric compressive stress . In the case of 2D flow in the mantle wedge one would expect the maximum compression to occur in the direction of convergence. This results in the prediction of trenchparallel melt sheets and an associated along arc fast direction. However, it seems reasonable to assume that if such a mechanism were responsible for the along-strike fast axes the mechanism should apply equally to the IzuBonin, where instead convergence parallel fast directions are observed.
One possible explanation for the differences between subduction zones may lie in the variations in subduction angle, convergence angle, and rollback between regions. Buttles and Olson [1998] showed that when there is a large component of slab rollback, the mantle flow pattern was dominated by mantle inflow to the backarc region around the ends of the slab. Their results indicated that this should occur almost independent of plate dip. Instead the amount of rollback a slab has experienced is the determining factor in trench-parallel a-axis alignment.
We must also take into account the presence of other structures, such as a back-arc spreading center, in accurately accounting for splitting patterns. Blackman et al. [1996] used a finite element flow model to predict deformation in the vicinity of a spreading ridge. They used different starting parameters to obtain both buoyant and passive models. Regardless of which model they used they obtained two significant results. First, close to the spreading center they saw a reduction in the amplitude of the splitting. Second, they observed a reversal in the polarization of the first arriving shear-wave. Such local deviations in flow will also affect the pattern of observed splitting and were noted in the observations for Tonga [Smith et al., 2001] .
It seems clear that flow patterns, and their relationship to anisotropic observations in the mantle wedge, are complicated. We appear to have reached a stage in the study of seismic anisotropy where the resolution of our observations currently out-strips the resolution of our models.
Although global flow patterns show good correlation with the long period anisotropic signature of the mantle [Tanimoto and Anderson, 1984] these predictions break down at the shorter length scales in the back-arc due to the complex flow patterns induced by the plate boundary. In addition the continent scale models such as proposed by Russo and Silver [1994] also appear unable to account for the small scale variations present in the data without resorting to additional variables such as changes in slab dip affecting local flow.
Although fast-directions varied from one subduction zone to the next, until recently observations suggested that at least within a single back-arc the fast-azimuth was constant, usually either paralleling the APM or the trenchstrike. While this remained the case, 2D models of mantle flow driven by coupling to the downgoing plate or melt anisotropy remained a viable means of explaining the flow. While such simple models still appear to be valid far from the plate boundary the new observations mapping variations in the fast azimuth across the backarc require more detailed flow models. In addition, the new models must be able to provide a consistent explanation of why strikingly different observations are obtained between different subduction zones.
CONCLUSIONS
Seismology can now provide important constraints on the locations of the melt source regions and the pattern of flow in the mantle wedge. The magma source regions for island arc volcanics are imaged as dipping low velocity zones overlying the subducting slab at depths of 50-150 km. However, the imaged regions may not correspond to actual partial melt concentrations, and may instead represent hydrated regions of the mantle. The largest seismic anomalies occur at depths of 30-90 km beneath backarc spreading centers and probably correspond to no more than 1% partial melt concentrations. The generally small partial melt concentrations in both the arc and backarc regions are consistent with models for rapid and efficient melt extraction, as suggested by geodynamic 20 modeling, experimental work, and isotope studies. In the Tonga-Lau system, anomalies related to the volcanic arc merge with anomalies beneath the backarc spreading center at depths greater than 100 km, suggesting that small slab components of backarc magmas may originate through interactions at greater depths. Low amplitude slow velocity seismic anomalies extend to 400 km depth beneath backarc basins, and may result from the release of volatiles transported to depths of 300-400 km by hydrous minerals in the slab.
Assuming that anisotropy results from preferential orientation of mineral fast axes in the direction of flow, shear wave splitting observations suggest that most, but not all, subduction zones are characterized by along-strike mantle flow within the mantle wedge. This suggests that counterflow in the mantle wedge induced by viscous coupling with the downgoing plate is generally weak. The flow patterns of several subduction zones appear to be dominated by inflow due to slab rollback and other local factors.
Clearly major questions remain regarding the pathways of volatiles and melt through the mantle, the concentration of volatiles and melt at various locations, and how these pathways are related to mantle flow. Progress within the next ten years is likely to come from a number of different sources. Many of the issues are related to problems of spatial resolution. Large-scale experiments consisting of up to 100 stations and the accumulation of even larger datasets in areas of permanent networks will help improve resolution beyond the 25-75 km limits that are currently possible. This may enable further resolution of melt pockets within hydrated regions overlying the subducting slab beneath the volcanic arc, or delineation of the shape of the melt producing region beneath the backarc spreading center. Greater density of high quality stations will also permit much better resolution of the spatial and depth variability of seismic anisotropy, thus placing better constraints on the mantle flow pattern.
Progress will also arise from studies combining disparate datasets. Whereas many previous seismological studies of the mantle wedge structure have emphasized P wave travel time tomography, future work will integrate P, S, and attenuation structure to place better constraints on material properties. Anisotropy studies will also benefit from more investigations going beyond the local S and teleseismic SKS splitting work reported here. It is likely that various phase combinations, such as the sS-S differential method developed by Fischer and Yang [1994] , will be important additional sources of information. Future work will also attempt to synthesize the diverse range of other measures of anisotropy (e.g. propagation anisotropy in both P n and surface waves as well as polarization anisotropy of surface waves) that are available.
Finally, much of the progress must come from experimental and modeling work necessary to understand the seismological measurements. Further experimental work is needed to help clarify the relationship between P and S velocity and attenuation anomalies and the presence of volatiles and melt. Experimental work is also needed to help better understand the relationship of seismic anisotropy to strain and stress associated with mantle flow, and the possible complicating effects of composition, volatile content, grain size, temperature, and pressure. More detailed 3-D geodynamical modeling applied to specific arc geometries is also necessary, since the available anisotropy studies suggest that the specific pattern of mantle flow is variable and dependent on the specific geometry and tectonic history of a particular arc. The results of these studies will be a more detailed mapping of the mantle flow pattern and the pathways of volatiles and melt through the subduction factory. (after Hammond and Humphreys, [2000b] ). The horizontal axis plots temperature (in °C) relative to the solidus. Thin vertical lines indicate melt fractions of F= 0%, 1%, and 2%. The velocity reductions were calculated using a finite element method incorporating experimentally observed melt topologies [Faul et al., 1994] . Melt percent as a function of temperature is calculated for water-free mantle at 30 km depth. This calculation assumes that the melt is contained in tubules at melt fractions below 1%. Attenuation is assumed to vary exponentially with temperature as described by Jackson et al. [1992] , with Q values of Q α = 90 and Q β = 40 at the solidus (T S = 1240°C). Velocity reduction is calculated relative to a reference temperature T 0 = 1000°C; lower reference temperatures would give somewhat larger velocity reductions.
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Plate 3. Cross section perpendicular to the Tonga subduction zone showing variations in P wave attenuation (Q α ) (from Roth et al., [1999] ). Results were derived from a 2-D tomographic inversion of differential body wave travel times recorded by land stations and ocean bottom seismographs. Red color indicates high attenuation (low Q) and blue indicates low attenuation. The relationship between velocity (δVp) and attenuation (δQ -1 ) anomalies in the Tonga-Lau region (from Roth et al., [2000] ). Points represent the velocity and attenuation anomalies at a particular node in the attenuation (Plate 3) and smoothed P-wave velocity models. Higher δQ -1 indicates low Q and higher δVp indicates fast velocity anomalies in the tomographic models. The dashed are the temperature and attenuation anomalies expected from experimental relations and the assumption that all anomalies are due to temperature heterogeneity. Theoretical velocity perturbations are generated using the relations in Karato [1993] incorporating the effects of anelasticity, and the attenuation perturbations are generated from Jackson et al., [1992] , extrapolated to various depths by scaling Q with homologous temperature. Table 2 that have been determined to occur within the mantle wedge. Numbers correspond to the references in Table 2 . The azimuth of each vector is the fast splitting direction, however lengths are kept constant due to the different phases used in the various studies. (after Turner and Hawkesworth [1998] ). Seismological data also suggests the existence of northsouth oriented mantle flow within the Tonga Arc and Lau backarc [Smith et al., 2001] , in agreement with the Helium isotope data [Turner and Hawkesworth,1998 ]. [after Fischer et al., 2000] . Strain is assumed to accumulate as material rises past a depth of 410 km, and this model assumes a 33 constant viscosity.
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